A partial cDNA encoding an Arabidopsis thaliana FH (Formin Homology) protein (AFH1) was used as a probe to clone a full length AFH1 cDNA. The deduced protein encoded by the cDNA contains a FH1 domain rich in proline residues and a C-terminal FH2 domain which is highly conserved amongst FH proteins. In contrast to FH proteins of other organisms, the predicted AFH1 protein also contains a putative signal peptide and a transmembrane domain suggesting its association with membrane. Cell fractionation by differential centrifugation demonstrated the presence of AFH1 in the Triton X-100 insoluble microsomal fraction. An Arabidopsis cDNA library was screened to identify proteins that interact with the C-terminal region of AFH1 using yeast two-hybrid assays, and one of the isolated cDNAs encoded a novel protein, FIP2. Experiments using recombinant proteins expressed in E. coli demonstrated that FIP2 interacted directly with AFH1. The amino acid sequence of FIP2 has partial homology to bacterial putative membrane proteins and animal A-type K + ATPases. AFH1 may form a membrane anchored complex with FIP2, which might be involved in the organization of the actin cytoskeleton.
microfibrils in the cell wall (reviewed by Kropf et al. 1998) . Although the actions of microtubules in the cytokinesis processes are comparatively well-known, the roles of actin microfilaments in cell division and elongation remain unclear.
Recently, a family of proteins, called formin homology (FH) proteins has been implicated in the organization of actin microfilaments. Genes encoding FH proteins have been characterized in various organisms, such as the mouse limb deformity, the Drosophila genes diaphanous and cappuccino, the Aspergillus nidulans gene figA/SepA, the Saccharomyces cerevisiae Bnil and the Schizosaccharomyces pombe fusl, cdcl2 (reviewed by Fraizer et al. 1997 , Wasserman 1998 ) as well as human DFNA1 (Lynch et al. 1997) . Analyses of mutants disrupted in these genes have shown that formins participate in cytokinesis, the establishment of cell polarity, vertebrate limb formation, and the hearing process.
Rho, a member of the small G-protein superfamily, regulates various cell functions such as cell morphological change, cytokinesis, cell motility, cell aggregation and smooth muscle contraction (reviewed by Hall, 1998) . It was shown that Bnilp and pl40 mDia (the mouse homolog of diaphanous) interact with Rho-type small G-protein and profilin which plays a direct role in stimulating the polymerization of actin (Evangelista et al. 1997 , Watanabe et al. 1997 , Imamura et al. 1997 . Therefore, some of the FH proteins are thought to transduce signals from Rho to profilin thereby regulating actin polymerization.
We are investigating plant FH proteins with the aim of understanding the role of the actin cytoskeleton in plant growth and development. Here we describe the cloning and characterization of an FH protein from Arabidopsis. Interestingly, in contrast to FH proteins of other organisms, the Arabidopsis FH protein, AFH1, possesses a putative signal peptide and a putative transmembrane domain. Cell fractionation studies demonstrated that AFH1 co-fractionated with the Triton X-100 resistant microsomal fraction. Thus, AFH1 may be a membrane protein associated with the cytoskeleton. We also report the isolation of a cDNA encoding a novel FH protein-binding protein from Arabidopsis by yeast two-hybrid screening and the characterization of its expression pattern in plant tissues.
Materials and Methods

Plant materials-Arabidopsis thaliana Landsberg erecta plants were used for all experiments.
Cloning of a plant homolog of FH proteins-A cDNA library was constructed from poly(A) + RNAs of whole seedlings using Superscript Choice system for cDNA synthesis and AZipLox Cloning System (Gibco BRL, MD, U.S.A.). 1
x 10 6 plaques were screened using Arabidopsis EST clone 159O16T7 (ABRC, Ohio State University) as a probe. Ten clones were isolated and the longest clone pAD401 was sequenced. This clone appeared not to be full-length since it was shorter than the AFHl mRNA detected by Northern blot hybridization. The 5' portion of the AFHl cDNA was cloned by 5' RACE using the 5' RACE system for Rapid Amplification of cDNA Ends, Version 2.0 (Gibco BRL).
Northern analyses-Poly(A) + RNAs were purified from various Arabidopsis tissues using Oligotex mRNA kit (QIAGEN, Inc, CA, U.S.A.). Total RNAs were prepared using RNeasy Plant Mini Kit (QIAGEN, Inc). All procedures for electrophoresis and blotting were performed according to Sambrook et al. (1989) .
Subcellular fractionation and western blotting-Seven dayold seedlings were homogenized in the Ext buffer (50 mM Tris-HC1 pH7.5, 2mM EGTA, 17% sucrose, 2 mM PMSF, 2/M leupeptin, 2 ^M antipine, 2 /uM pepstatin A, 2 /iM aprotinin) using Polytron (Kinematica, Switzerland). The homogenate was passed through two layers of Miracloth and centrifuged at 200 x g for 5 min. The 200 x g pellet (called the P0.2 fraction), containing nuclei and cell debris was resuspended in the same volume of the Ext buffer as that of the supernatant. The supernatant was centrifuged at 10,000xg for 10min and the 10,000xg pellet (P10 fraction), containing mitochondria and chloroplasts was resuspended in the same volume of the Ext buffer as that of the supernatant. The supernatant was centrifuged at 100,000xg for 30 min to give a soluble fraction (SlOO fraction) and the 100,000xg pellet (PI00 fraction). The PI00 fraction was resupended in the same volume of the Ext buffer containing 1 °/o Triton X-100 as that of the supernatant and centrifuged at 100,000 x g for 30 min. The pellet was resuspended in the same volume of the Ext buffer as that of the supernatant. Fifty //g of total extract and the same volume of all subcellular fractions were analyzed by SDS-PAGE since the same volume of fractions reflected the same amount of the starting materials.
An anti-AFHl rabbit polyclonal antibody was produced using a synthetic peptide corresponding to amino acid residues 952 to 964 in the AFHl protein and the antibody was affinity-purified using the AFHl peptide. An anti-AHA2 (a member of the Arabidopsis H + -ATPase protein family) antibody was purchased from Babco, CA, U.S.A. Western blotting was performed using the ECL western blotting system (Amersham Pharmacia Biotech Inc, NJ, U.S.A.). Anti-AFHl antibody and anti-AHA2 antibody were used at dilutions of 1 :2,000 and 1 : 1,000, respectively. HRP-labeled anti-rabbit IgG antibody (Amersham Pharmacia Biotech Inc, NJ, U.S.A.) was used at a dilution of 1 : 3,000.
Two-hybrid assays-Matchmaker LexA Two-Hybrid System (Clontech Laboratories, Inc, CA, U.S.A.) was used for two-hybrid screening. A 1.7 kbp-DNA fragment encoding the C-terminal portion of AFHl was excised with Xhol (filled-in) and Notl (in the iVctfl-oligodT primer for the priming of first strand cDNA synthesis) from pAD401 and inserted in pLexA digested with BamHl (filled-in) and Notl resulting in a bait vector pLex-AF201. A cDNA library was constructed in pB42AD from poly(A) + RNA of 7 day-old Arabidopsis seedlings according to the supplier's instructions. 1 x 10 6 yeast transformants were screened on plates without leucine and 6 positive clones were isolated. Five of their inserts originated from the same mRNA although their lengths varied. Two plasmids were rescued from the yeast clones and they were named pBAD-FIPl and pBAD-FIP2. pLexA-AF202 was constructed by inserting an EcoRI-BsrGl (filled-in) 0.86 kb-fragment from pLex-AF201 to pLexA digested with EcoRI and Xhol (filled-in) and pLexA-AF203 was constructed by inserting a BsrGl (filled-in)-Nbfl 0.80 kb fragment from pAF401 to pLexA digested with BamHl (filled-in) and Notl. ONPG assays were performed according to the manual supplied by the manufacturer. Binding assays using recombinant proteins expressed in E. coli-cDNA inserts which were excised with EtoRI from pBAD-FIPl and pBAD-FIP2 were cloned into the EcoRI site in pGEX-4T-l (Amersham Pharmacia Biotech, NJ, U.S.A.), resulting in plasmids, pGEX-FIPl and pGEX-FIP2. pGEX-4T-l, pGEX-FIPl or pGEX-FIP2 were transformed to an E. coli strain TOP10F' (Invitrogen, CA, U.S.A.). Expression of recombinant proteins was induced with 1 mM IPTG for 4 h at 37°C. Cells were supended in TBS (20 mM Tris-HCl, pH 7.5, 250 mM NaCl) containing l°7o Triton X-100 and 1 mM PMSF and sonicated. The E. coli lysate containing recombinant proteins of GST, GST-FIP1 fusion protein or GST-FIP2 fusion protein was incubated with glutathione-sepharose 4B (Amersham Pharmacia Biotech, NJ, U.S.A.) for 12 h at 4°C with constant rotation and then the beads were washed with TBS containing 1 °7o Triton X-100 four times. A partial AFHl cDNA was excised from pAF401 with Sail and Notl and inserted between Sail and Notl site in pET-28b (Novagen, WI, U.S.A.), resulting in a plasmid, pET-AFHl. pET-AFHl was transformed into E. coli strain BL21(DE3) (Novagen, WI, U.S.A.). Expression of recombinant AFHl was induced with 1 mM IPTG at 30°C for 4 h. The E. coli cells were sonicated in TBS containing 0.2% of Triton X-100 and 1 mM PMSF.
Anti-T7 antibody (Novagen, WI, U.S.A.), anti-GST antibody (Roche Molecular Biochemicals, IN, U.S.A.) and HRP-labeled anti-mouse IgG antibody (Amersham Pharmacia Biotech Inc, NJ, U.S.A.) were used at a dilution of 1 : 10,000, 1 : 3,000 and 1 : 3,000, respectively.
Results
Cloning of FH proteins from Arabidopsis-A cDNA was found in an Arabidopsis EST database (Genbank R30345), that encodes an amino acid sequence homologous to that found in yeast and animal FH proteins (Fraizer et al. 1997 , Wasserman 1998 ). This cDNA was used to screen a cDNA library of Arabidopsis seedlings to obtain fulllength clones. Because the longest cDNA (2,745 bp) from Arabidopsis did not contain a full-length coding region, the 5' ends of the mRNA were cloned by 5' RACE. The amplified fragments contained the initiation codon with upstream termination codons in the same reading frame. The reconstituted cDNA (3,349 bp) was designated as AFHl (Arabidopsis FH protein) (Genbank accession number AF174427). The AFHl cDNA has an open reading frame that is predicted to encode a protein of 1051 amino acids with a molecular mass of 115 kDa (Fig. 1) .
All FH proteins from various organisms including plants share two common structural features, an FH1 domain featured by an abundance of proline-residues and an FH2 domain in their C-terminal regions, that is highly All prolines in the extensin SPPPP repeats are usually conserved among all FH proteins (Fig.2B ). In addition hydroxylated and are thought to serve as targets for Oto the FHl and FH2 domain, AFH1 possessed a putative linked glycosylation. signal peptide and a putative transmembrane domain in the Characterization ofAFHl expression-Accumulation N-terminal region. Two cDNAs (Genbank accession num-of AFH1 tanscripts in various tissues was examined by ber AF213695 and AF213696) encoding FH proteins that Northern blot hybridizations (Fig. 3) . The size of the AFH1 are very similar to AFH1 were isolated from tobacco and transcripts was about 3.4 kb (Fig. 3A) which is very close to they also contain a putative signal peptide and a trans-that of the cloned AFH1 cDNA (3,349 bp). AFH1 tranmembrane domain (data not shown). This feature appears scripts were comparatively abundant in stem, flower and to be unique to plant FH proteins (Fig. 1, 2A ). An FH3 silique and rare in leaves (Fig. 3B ). AFH1 transcripts were domain which is found in the N-terminal regions of detected in all tissues examined as well as actin transcripts. FH proteins in various organisms (Petersen et al. 1998) Subcellular localization ofAFHl-The structural fea-( Fig. 2A) is not found in AFH1 and tobacco FH proteins. ture of AFH1 promoted us to investigate its cellular localThe N-terminal region of AFH1 is rich in serine and pro-ization. Total cell extracts from Arabidopsis seedlings were line residues (13.4% and 21.8% respectively in first 500 fractionated by differential centrifugation. AFH1 proteins amino acids) and contains SPPPP motifs in the putative in each fraction were determined by western blotting using extracellular domains, that are conserved in a class of cell an anti-AFHl antibody. The same volume of each fraction wall proteins, extensins (Kieliszewski and Lamport 1994) . was loaded on the gel since the same volume of the fraction (Kohno et al. 1996 , Watanabe et al. 1997 . The putative signal peptide is indicated by a gray box and the putative transmembrane domain is indicated by a black box. (B) Alignment of FH2 domains. FH2 domains of various FH proteins were aligned by the multiple alignment function of Lasergene™ (DNASTAR, Inc). The genbank accession numbers are P41832 (Bnilp), 6322032 (Bnrlp), BAA87310 (Cdcl2), CAA90179 (SepA), P48608 (Diaphanous), S24407 (formin IV) and U96963 (pl40mDia). Identical amino acids are marked by black boxes.
reflected the same amount of the starting materials (see Materials and Methods). The antibody, which was produced using a synthetic peptide corresponding to amino acid residues 952 to 964 in AFHl, reacted with a single band of molecular mass approximately 140 kDa (Fig. 4) . After fractionations by differential centrifugation, AFHl protein was predominantly detected in the microsomal fraction (PI00) along with AHA2, a plasma membrane- associated H + -ATPase (DeWitt et al. 1996) . The microsomal fraction contains membrane-associated proteins and cytoskeletal proteins. The fraction was solubilized with 1% Triton X-100. Whereas AHA2 was solubilized with Triton X-100, AFH1 remained in the Triton X-100-insoluble fraction. Therefore, AFH1 appeared to associate tightly with insoluble structures such as the cytoskeleton.
Screening of AFH1-interacting proteins by two hybrid assays and in vitro binding assays-The functions of FH2 domains in FH proteins still remain unknown. The C-terminal region located downstream of the FH2 domains is highly conserved among AFH1 and tobacco homologs although the N-terminal halves have diverged. To investigate the functions of the FH2 domain and the C-terminal region, we attempted to identify proteins that interact with these regions. To this end, an Arabidopsis seedling cDNA library was constructed in the yeast vector pB42AD. The cDNAs were fused to a bacterial acidic peptide B42, that activates transcription in yeast cells. The expression of cDNAs was placed under the control of the GAL promoter which is induced by galactose. The LEU2 gene was used as a reporter gene for protein-protein interations. The C-terminal half (amino acid 552-1051) of AFH1 was fused to the DNA binding domain of LexA on a bait vector, pLexA. 1 x 10 6 yeast transformants were spread on SD plates without leucine and with galactose instead of glucose. After 3 d, 6 positive clones were isolated and classified into 2 groups by comparison of the restriction patterns of inserts amplified by PCR from each clone. They were named FIP1 (FH protein Interacting Protein) and FIP2. Five FIP1 and one FIP2 cDNAs were isolated by this screening. Figure 5 shows the interaction between AFH1 and FIPs. Only yeast cells carrying combinations of pLexAF201and pB42-FIPl or pLex-AF201 and pB42-FIP2 grew on an SD plate without leucine and with galactose. Their galactose-dependent growth indicates a dependence on the expression of the fusion protein of the transcriptional activator domain and FIP1 or FIP2. These results demonstrated that AFH1 interacted with FIP1 or FIP2 specifically in yeast cells.
In order to exclude the possibility that the interactions were mediated by an yeast protein(s), binding assays were carried out using recombinant proteins expressed in E. coli (Fig. 6) . GST-FIPs fusion proteins were expressed in E. coli and the fusion proteins were purified glutathionesepharose 4B from the lysates. The GST fusion proteins were incubated with total protein from E. coli cells in which the T7 epitope-tagged AFH1 protein (amino acid 468-1051) was expressed. GST-FIP2 bound to AFH1 while GST alone and GST-FIP1 did not (Fig. 6B ). These results demonstrate that FIP2 interacts directly with AFH1 at least in vitro. The interaction between AFH1 and FIP1 which was observed in yeast cells might be mediated by a yeast protein(s). To determine which region of AFH1 interacts with FIP2, the constructs with an FH2 domain alone or a domain located downstream of the FH2 domain alone were examined for their interactions with FIP2 (Fig. 7) . The LacZ gene was used as a reporter for the interactions and its activities were determined using ONPG as the substrate. The combinations of pLex-AF201 with pB42AD-FIP2 and pLex-AF203 with pB42AD-FIP2 gave high ^-galactosidase activities although the combination of pLex-AF202 with pBAD42-FIP2 did not. These results indicate that FIP2 associated with the C-terminal region of AFH1 specifically, at least in yeast cells.
Sequence analysis and expression pattern of FIP2-FIP2 appeared to encode a full length protein because longer fragments were not detected by 5' RACE and the size of the cDNA (1,133 bp) was close to that of its transcripts (Fig. 9A) . Sequence analysis revealed that FIP2 encoded a polypeptide consisting of 298 amino acids (Genbank accession number AF174428). The N-terminal region of FIP2 showed weak homology to A-type K + channels (Fig. 8A) . Another feature of FIP2 is that it has repeated pentapeptides in the C-terminal region (Fig. 8B) . Similar repeats are seen in HglK protein from Anabaena and DotG/IcmE protein from Legionella pneumophila. The pentapeptide repeats of HglK are required for the localization of heterocyst glycolipids (Black et al. 1995) , whereas the dotG/icmE gene is required for a secretion system that mediates plasmid DNA transfer (Segal et al. 1998 , Vogel et al. 1998 . Both the hglK and the dotG/icmE genes encode putative membrane proteins. Expression patterns of FIP2 were examined by Northern blot analyses. The size of FIP2 transcripts was approximately 1.2 kb (Fig.9A) . Their transcripts were detected in all tissues although like AFHl transcripts (Fig. 3) , their expression level in leaves was comparatively low (Fig.9B ).
Discussion
In this paper, we report the identification of a cDNA which encodes an FH protein from Arabidopsis. AFHl contains an FH1 domain and an FH2 domain that is commonly seen in other FH proteins. However, it contains a putative signal peptide and a transmembrane domain not found in FH proteins of other organisms. The budding yeast Bnilp is localized to the bud neck and is associated with Rholp (Kohno et al. 1996 , Evangelista et al. 1997 , Imamura et al. 1997 . The fission yeast Cdcl2 is a component of the cell division ring (Chang et al. 1997) et al. 1998). Their localizations imply that many FH proteins which do not possess any distinctive transmembrane domain may associate with plasma membranes mediated by Rho and/or via other membrane proteins that interact with the FH3. So far, many Rho homologs have been found in plants (Yang et al. 1993 , Delmer et al. 1995 , Xia et al. 1996 , Winge et al. 1997 , Li et al. 1998 , Kost et al. 1999 , although they are all highly related to each other and most similar in sequence to mammalian Rac. AFH1 did not interact with AtRacl (Xia et al. 1996) , a member of Arabidopsis Rac homologs, in yeast two-hybrid assays or by in vitro assay using the recombinant proteins (data not shown). Also, no FH3 domain is found in AFH1. In cell fractionation studies, AFH1 was found in the Triton X-100 insoluble microsomal fraction. Although this experiment did not reveal the membrane-localization of AFH1, it is likely that AFH1 is targeted directly to the membrane by its putative transmembrane domain and becomes associated with the cytoskeleton by its other domain. We also isolated two cDNAs from tobacco which encode very similar proteins to AFH1 (unpublished data). Two additional FH proteins are found in the Arabidopsis genome database (Genbank AAB61101 and CAB 10299). Their structures are also similar to that of AFH1, although whether they contain putative transmembrane domains is ambiguous since their cDNAs have not yet been isolated. The N-terminal region of AFH1 is rich in serine and proline residues and contains a SPPPP motif in the putative extracellular domain. Such repeats are seen in extensins, a class of plant cell wall proteins (Kieliszewski and Lamport, 1994) . Usually, all prolines within SPPPP repeats are hydroxylated and many of them are glycosylated. The extracellular domain of AFH1 may be glycosylated and associated with cell wall.
The FH1 domain is known to interact with profilin, the SH3 domain or the WW domain , Bedford et al. 1997 , Evangelista et al. 1997 , Imamura et al. 1997 , Kamei et al. 1998 ). AFH1 interacted with PFN1, a member of the Arabidopsis profilin family (Christensen et al. 1996) by two-hybrid assays (data not shown). However, the FH1 domain is characterized by an abundance of proline residues and profilins have a strong affinity for polyproline. Indeed, profilin can be affinity-purified with polyproline (Pantaloni et al. 1993) . Therefore, the possibility that in plant cells the FH1 domain of AFH1 may interact with proteins other than profilins cannot be excluded.
The FH2 domains are highly conserved among all FH proteins although their functions are unknown. Whereas FIP1 interacted specifically with the FH2 domain of AFH1 in two-hybrid assays (data not shown), it did not bind to AFH1 in vitro using recombinant proteins expressed in E. coli. The interaction of FIP1 with the FH2 domain of AFH1 that was seen in two-hybrid assays appeared to be mediated by a yeast protein(s).
The C-terminal region downstream of the FH2 domain is well conserved among AFH1 and two tobacco FH proteins. By contrast, the corresponding regions of FH proteins of other organisms and the N-terminal region of plant FH proteins are comparatively diverse. This region may have plant-specific functions. FIP2 interacts with the C-terminal region in AFH1. The C-terminal region of Bnilp is known to associate with Bud6p and Spa2p (Evangelista et al. 1997 , Fujiwara et al. 1998 ). However, FIP2 did not show any structural similarity to them. Instead, the N-terminal region of FIP2 has weak homology to the N-terminal region of A-type K + channels although the function of the region is unknown. The C-terminal region of FIP2 contains pentapeptide repeats that are found in bacterial putative membrane proteins. FIP2 has structural similarity to some membrane proteins, although it does not have any discrete transmembrane domains. Considering that AFH1 is likely to be a membrane protein, FIP2 and AFH1 may form a complex in proximity to the membrane, however, membrane localization of AFH1 and FIP2 in plant cells remains to be demonstrated.
In budding yeast, the division site is selected by the positioning of the bud neck and then the spindle is aligned along the pole to segregate the nuclei. This alignment is thought to be mediated by interactions between cytoplasmic microtubules and cortical proteins (reviewed by Chant 1994) . Very recently, it was reported that Bnilp and actin are required for spindle orientation (Lee et al. 1999 , Miller et al. 1999 . Therefore it is suggested that Bnilp is involved in the interaction between cytoplasmic microtubules and actin at the cell cortex. In plant cells, whereas microtubules are thought to play a central role in regulation of cell division, the functions of actin filaments are unclear. Unfortunately, cell staining using our antibody against AFH1 did not give reproducible result. In addition, transient and stable transformation experiments did not result in CaMV 35S promoter-driven AFH1-GFP expression. The cellular localization of AFH1 during cell division will be investigated in further experiments.
